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Summary
Amylases and proteases are utilized in industrial processes such as starch liquefaction
or as supplements for washing agents. For these applications it is desirable to have en-
zymes active at high temperatures (>70 °C). In this work, thermostable a-amylase and ne-
utral proteases were produced using the thermophilic strain Bacillus caldolyticus DSM 405.
The goal of this work is to reduce the cost of production media by substituting expensive
medium components such as prehydrolyzed starch and peptone, used in control fermenta-
tions, by inexpensive food industry wastes such as potato fruit water, potato pulp, cheese
whey, draff, pea pulp, pea fruit water, bread residues, and pork blood. Comparative stud-
ies were conducted in shake flasks. With the use of such wastes, significant improvements
in the activities of the enzyme a-amylase were obtained along with concomitant reduc-
tions in medium costs. With the use of pea pulp, 160 % increase in the activity of a-amyla-
se was observed with 97 % reduction in medium costs compared to control medium. The
cost of medium for the production of proteases also decreased by more than 50 %.
Key words: thermostable a-amylase, thermostable proteases, food industry wastes, Bacillus
caldolyticus
Introduction
Industrial enzymes account for the second largest
share of the market of fermentation products, behind the
amino acids. In 2008, approx. 75 enzymes were traded
with a sales volume of 15.9 billion US dollars (1). These
enzymes are used in several different industrial sectors;
nearly 50 % are utilized in the production of food and
animal feed, followed by the detergent industry (with
consumption of more than 30 %) and textile, paper, and
fine chemical industries account for the rest (2). In bio-
technological processes, hydrolases are the most common-
ly used enzymes. Of these, starch hydrolases (amylases)
and protein hydrolases (proteases) represent the domi-
nant enzymes. Forty percent of the enzymes produced
are proteases (3) and 30 % are amylases (4). Several dif-
ferent amylases and proteases are known. The a-, b- and
g-amylases all act on the a-1,4 linkages in starches. These
differ from each other in terms of their mode of action.
The a-amylase (EC 3.2.1.1) acts randomly on any of the
a-1,4 bonds in the starch chain, the b-amylase (EC 3.2.
1.2, predominant in plants) acts on the second a-1,4 bond
from the end of the chain, and the g-amylase (also known
as glucoamylase or amyloglucosidase) acts on the first
a-1,4 bond from the end of the starch chain. Another
enzyme, a-1,6-glucosidase (an isoamylase), acts on the
a-1,6 bonds in the starch chain. Of these, the most im-
portant industrial amylase is the a-amylase (5), which is
used in food industry for liquefaction of starch during
the production of high fructose corn syrup and for starch
modification. It is used in washing powders, detergents,
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and in pulp and paper industry. a-Amylases from differ-
ent sources exhibit different pH and temperature op-
tima. Proteases are classified either as alkaline proteases
or as neutral proteases depending on their pH optima.
Alkaline proteases are used mainly in washing powders
and detergents. Neutral proteases (EC 3.4.24.27/28) have
broad applications in the food industry. They are used
as meat tenderizer, for production of protein hydroly-
zates or the sweetener phenylalanine, and other appli-
cations. Overviews of the biochemical properties of these
enzymes have recently been published by several authors
(4–8) and, therefore, are not presented here again.
Many industrial processes involve high temperatures.
Hence, there is a need for thermostable enzymes. Such
hydrolases can be obtained from thermophilic microorg-
anisms, like Bacillus stearothermophilus, Bacillus lichenifor-
mis or Bacillus caldolyticus (5–8). Media used for the pro-
duction of amylases generally involve complex carbon
and nitrogen sources (9) that contribute substantially to-
wards the costs of enzymes. This is not unusual as it has
been reported that medium costs account for as much as
70 % of the raw material costs in extracellular enzyme
fermentations (10). Therefore, the goal of this work is to
evaluate industrial waste streams containing starch and
organic nitrogen as substitutes for starch and soy flour/
peptone in the fermentation media. Waste streams from
several food industries have been selected for this pur-
pose.
Some Food Industry Wastes in Germany
Starch-rich wastes
The food industry produces several wastes that are rich
in carbohydrates and organic nitrogen in high amounts.
A mass of 1.5 million tons of starch is produced annu-
ally in Germany (11). More than 60 % of this is obtained
from potato, leaving potato pulp and potato fruit water
as carbohydrate-rich waste streams. Annually, 275 000 tons
of potato pulp (12) and 9 million tons of potato fruit water
(13) are generated in Germany. At present, such streams
are either used as animal feed/fertilizer or treated to re-
duce the biological oxygen demand (BOD) before dis-
charge. Outside of the potato season, peas are used to
produce starch and this production process results in gene-
ration of pea pulp and pea fruit water as wastes.
Other potential carbon sources include draff from the
beer production and bread residue. German breweries
produced 6.58 million m3 of beer in 2009 (14) and gene-
rated 2 million tons of draff residue (oral communica-
tion with E. Hinzmann, German Brewers’ Union, Berlin,
Germany, 2011). The draff residue is presently used as
animal feed. Bread residue is a common waste material
resulting from the production of sliced bread (crusts and
side pieces). Unsellable bread due to the approaching ex-
piration date also contributes to bread residue. The latter
amounts to 8–10 % (15) of the total bread production in
Germany, which amounted to more than 4.5 million tons
in 2009 (14). Furthermore, a lot of bread is thrown away
in personal households as well – 2.6 billion slices of bread
only in Great Britain (16). Bread residue is a good fer-
mentation feedstock also since it is available year round
and its availability is not associated with the harvest sea-
son.
Wastes rich in organic nitrogen
Corn steep liquor (residue from wet processing of
corn), whey (waste stream from the production of cheese),
and pork blood from abattoir refuses are potential ni-
trogen-rich wastes. Annual production of these wastes
in Germany is over 16 million m3 of whey (17), approx.
180 000 tons of dry corn steep liquor (18), and more than
180 million liters of pork blood (19,20).
The use of waste materials in fermentations has been
reported by many researchers (8,12,13,17,21–46). Miscella-
neous vegetable residues (e.g. apple pomace) have been
transformed into flavors and fine chemicals by solid state
fermentation, an overview of which has been presented
by Laufenberg et al. (21). Similarly, ethanol has been pro-
duced from kitchen garbage (22), lactic acid from potato
pulp (13), and microbial lipids from sweet potato (47).
Materials and Methods
Organism and media
Bacillus caldolyticus (DSM 405, DSMZ, Braunschweig,
Germany) cells were pre-cultured in peptone-meat ex-
tract medium (5 and 3 g/L, respectively), supplemented
with 1 g/L of CaCl2·2H2O, in shake flasks in an orbital
shaker at 70 °C for 8 h. Main cultures were conducted in
1-liter shaking flasks by adding 10 mL of preculture broth
into 90 mL of culture medium and incubating again at
70 °C in an orbital shaker for 24 h. Nutrient medium
containing in g/L: hydrolyzed starch 1, casein peptone
2, KH2PO4 2, MgSO4·7H2O 0.25, FeSO4·7H2O 30, MnCl2·
4H2O 1.57, and CaCl2·2H2O 100 was used as control me-
dium (48). The alternative media contained waste mate-
rials in place of hydrolyzed starch and/or casein pep-
tone. The pH was adjusted to 7.0 in all the media at the
start of fermentation.
Alternative media
The dosages of wastes in different media were based
on the concentrations of starch and casein peptone in the
control medium. Parts of the raw waste material were
not soluble and, therefore, presumed not totally accessible
to the microorganisms. Hence, the soluble starch content
in the wastes was used to establish the concentration of
wastes in alternate media for production of a-amylase.
Similarly, soluble protein content in the wastes was the
basis for determining the concentrations of waste in al-
ternate media for the production of proteases.
Analysis of waste material
Waste materials were analyzed for total organic car-
bon (TOC) by catalytic combustion at high temperature
followed by non-dispersive infrared detection (Rosemouth
DC-190, Emerson Electric Company, Ferguson, MO, USA)
of the carbon dioxide produced. Total bound nitrogen
(TNb) was measured using the test kit, Lanton LCK 338,
Hach-Lange, Düsseldorf, Germany. Based on these results,
the waste materials were categorized either as mainly car-
bon or as mainly nitrogen source.
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Soluble starch and protein contents in the wastes were
measured by incubating uninoculated solutions/suspen-
sions of the wastes in control medium (without any starch
and peptone) for 2 h at 70 °C followed by centrifugation
at 12 000×g for 15 min. The concentration of dissolved
proteins was measured in the supernatants using the
method of Bradford (49). Soluble starch content in the
supernatants was determined from the absorbance of
starch-iodine complex at 620 nm using a calibration
curve (7).
Fermentation and enzyme assays
All the fermentations were conducted in shake flasks
either in duplicate or (mostly) triplicate. In all the cases,
the waste materials were added to the media without
sterilization. Incubations were conducted at 70 °C in orbi-
tal shakers at 150 rpm. During the experiments, no con-
taminations were observed by inspection under micro-
scopes and it was suspected that the contaminations did
not develop in spite of the use of unsterile waste mate-
rials due to the high fermentation temperature of 70 °C.
Several samples were analyzed from each shake
flask. a-Amylase activity was measured photometrically,
monitoring starch hydrolysation by culture supernatant
stained with iodine, as introduced by Manning and Camp-
bell (50) with modifications suggested by Bader et al.
(51) and presented as units per mL (U/mL). Testing for
other starch-hydrolyzing enzymes indicated total ab-
sence of glucoamylase, only traces of a-1,6 glucosidase,
and no b-amylase. It is suspected that if any b-amylase
was present, it was not thermostable (6).
Neutral protease activity was determined using the
method of Strydom et al. (52) with substrate concentra-
tions suggested by Iverson and Jørgensen (53), and re-
ported as U/mL. One unit of protease activity is defined
as the quantity of enzyme needed for degradation of 1
µmol of azocasein per minute.
Bacterial growth was monitored as cell count using
an Abbe-Zeiss cell counting chamber (single square area
0.0025 mm2; Brand GmbH, Wertheim, Germany).
Results and Discussion
Analyses of the different wastes and formulation of
alternative media
Results of analyses of different wastes for total or-
ganic carbon (TOC), total bound nitrogen (TNb), and
soluble starch and soluble protein contents are present-
ed in Table 1. All the waste materials contained carbon
as well as nitrogen. Hence, each could be used as com-
plete medium with the addition of minerals. Potato fruit
water, potato pulp, draff, pea fruit water, pea pulp, and
bread residue had high starch content and these were
used as substrates for the production of a-amylase. The
alternative fermentation media containing these starchy
substrates are listed in Table 2 as media 1–7. Pork blood,
corn steep liquor, and whey had high soluble protein
content and were used for the production of proteases.
These media are listed as alternative fermentation media
8–13 in Table 2. The control medium, with starch and
peptone, is also listed in Table 2 for reference.
The amounts of wastes as starch alternatives in media
1–7 were estimated to provide roughly the same concen-
tration of starch as in the control medium. In some cases,
doing so resulted in soluble protein concentrations in the
alternative media considerably lower than that in the
control medium. As a result, medium 6 was designed
with pea pulp supplemented with peptone to provide
the same starch and peptone concentrations as in the con-
trol medium.
In media 8–13, the amounts of wastes were calcu-
lated to provide concentration of soluble protein approx.
same as in control medium. Since pork blood had no
soluble starch (medium 8, Table 2), different concentra-
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starch (hydrolyzed) 452 – 0 1000
peptone from casein 653 114 1000 0
potato fruit water 91 3.7 7.2 20.3
potato pulp 46 1.1 0.1 11.3
draff 172 8.6 0 17.9
pea fruit water 11 0.7 1.3 2.2
pea pulp 76 1.8 0.4 14.4
bread residue 263 2.4 0.13 51.7
g/(mg/mL)
pork blood 306 28.2 52.5 0
corn steep liquor 245 31.1 19.3 0
whey 34 1.6 4.2 1.2













0.1 g+0.2 g 1 2
1. potato pulp 10 g 1.1 0.1
2. potato fruit water 5 g 1 0.4
3. draff 5 g 0.9 0
4. pea pulp 10 g 1.4 0.3
5. pea fruit water 10 g 0.2 0.1
6. pea pulp+peptone 6.2 g+0.2 g 1 2
7. bread residue 5 g 1.3 0.1
8. pork blood 3.5 mL 0 1.8
9. whey 50 mL 1.6 2
10. corn steep liquor 10 mL 1 1.9
11. pork blood
(10 %)+starch
10 mL+0.1 g 1 5.3
12. pork blood
(5 %)+starch
5 mL+0.1 g 1 2.6
13. pork blood
(3 %)+starch
3 mL+0.1 g 1 1.6
*all the media contained mineral salts as per Brokamp et al. (48)
tions of starch were also added to media 11–13 to provide
the same starch concentrations as in control medium.
Relatively large amounts of the waste materials need-
ed to be added to the different media (Table 2) since the
raw waste materials were not in dried form and the con-
tents of nitrogen and carbon in them were low compared
to those in the dry components (starch and peptone) of
the control medium.
Production of a-amylase from different carbon sources
Typical profiles of a-amylase activity in two differ-
ent media (medium 1 and 7) are presented in Figs. 1 and
2, respectively. The enzyme activity in control medium
is also presented in both figures. Error bars of triplicate
experiments are also shown in these figures. Transient
accumulation of a-amylase is evident and the enzyme
activity decreased with continued incubation of cells with
alternative media as well as with control media. Similar
trends were observed for all the media (1–7) and in each
case the activity of a-amylase in the fermentation broths
peaked around 4–8 h from the start of fermentation. Po-
tato pulp (medium 1) and pea pulp (medium 4) resulted
in similar maximum enzyme activities that were around
2.6 times the values obtained in the control medium. The
second highest peak value of a-amylase activity was ob-
served in the bread residue medium (medium 7), which
was about two times that in the control medium.
The maximum a-amylase activities, the cell counts
and the corresponding time elapsed since the inocula-
tion in different media (media 1–7 and control medium)
are listed in Table 3. The data for the control medium
are average values of 29 shake flask fermentations, where-
as the others (media 1–7) are average values of three fer-
mentations. It is clear that good cell growth could be achi-
eved in alternate media 1–7 even when only one waste
substance was used as main medium component replac-
ing starch and casein peptone in the control medium.
Furthermore, every waste C source supported very good
a-amylase activities as well (Table 3); in all the cases, the
enzyme activity was at least as good as in control me-
dium. The best results were found with pea and potato
pulp after 8 and 6 h of fermentation, respectively (up to
160 % increase over the control values). Bread residue
medium resulted in 100 % increase in a-amylase activity
over control medium after 6 h of fermentation. It is in-
teresting that supplementation of pea pulp with peptone
resulted in lower enzyme production than when only pea
pulp was used. This confirms the observations of Schwab
et al. (7) that optimal amounts of carbon as well as ni-
trogen sources are needed to obtain the best enzyme
production by B. caldolyticus.
Although we have not come across any publications
relating to the production of enzymes by Bacillus caldo-
lyticus using food industry wastes, efforts have been re-
ported by ul-Haq et al. (23) for the use of low-cost agri-
cultural products like wheat bran for the production of
a-amylase. Wastes from the starch industry, like potato
pulp, are even cheaper and these have been reported for
the production of fine chemicals such as paramylon, lac-
tic acid, and xylanase (12,13,24). Here we have shown
that such wastes can be used as sole C and N sources
for the production of a-amylase with B. caldolyticus.
Comparison of the a-amylase activities obtained in
this work with those in other publications (8,23,26,32,39,
40,50,53) is difficult, because different researchers have
used different methods for determination of a-amylase
activities and different methods result in vastly different
assays of enzyme activity (54).
Production of protease from different nitrogen sources
As in the case of a-amylase activity, protease activi-
ties in different media too passed through a maximum
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Fig. 1. Time course of extracellular a-amylase activity during
the B. caldolyticus cultivation on potato pulp medium in compa-
rison with control
Fig. 2. Time course of extracellular a-amylase activity during
the B. caldolyticus cultivation on bread residue medium in com-
parison with control
Table 3. Cell count, a-amylase activity and time elapsed since

















1. potato pulp 8.4±0.7 1.9·109±2.6·108 6
2. potato fruit water 3.8±0.5 1.3·109±2.0·108 6
3. draff 3.1±1.4 1.0·109±1.5·108 6
4. pea pulp 8.6±1.8 2.4·109±5.4·108 8
5. pea fruit water 2.3±0.3 1.4·109±4.9·108 6
6. pea pulp+peptone 5.0±1.8 1.3·109±5.6·108 4
7. bread residue 6.7±0.7 2.4·109±6.5·108 6
which was followed by reduction in activity with con-
tinued incubation. Even though cell counts in the vari-
ous media were similar, the maximum protease activi-
ties in the alternative media were only a fraction of the
activity produced in the control medium. As typical pro-
files, evolution of protease activity in the control medium
and in medium 8 (an alternative medium containing 3
% pork blood) are presented in Fig. 3.
The observed maximum enzyme activities, the cell
counts and the corresponding time elapsed since inocula-
tion are summarized in Table 4 and compared with those
in control fermentations. Based on these results, it can
be concluded that all the waste materials used as pep-
tone replacement also permitted a good growth of B. cal-
dolyticus. However, none of the substrates used in this
work resulted in the increased protease production over
that in control medium, as shown in Fig. 3 for medium
8 (3 % pork blood). The protease activity obtained with
the wastes was at best 75 % of the average protease activ-
ity in control medium. The protease formation rate was
partly delayed notably on the pork blood-based medium
(medium 8), which leads to unfavorable productivity
values. The delays were most significant when fresh
pork blood was used as substrate. Obviously, there were
certain inhibitory substances which delayed the growth
of B. caldolyticus at 70 °C. Addition of hydrolyzed starch
addressed this issue, but the negative effect on protease
production persisted.
Dissolved proteins induce the production of prote-
ases in many Bacillus strains (55) in the same way as
dissolved starch induces the production of a-amylase. Pro-
teases have successfully been produced with feather meal
and corn steep liquor (25). Corn steep liquor is estab-
lished for the cultivation of bacilli (26). As a result, be-
sides vegetable waste substances, animal-based wastes
such as pork blood are interesting fermentation substrates
due to their high protein content and low price. But no
positive effect was observed in this work.
Cost implications of the use of food wastes for
production of enzymes
From the enzyme activities and the measured time
of maximal activity, presented in Tables 3 and 4, produc-
tivity values for a-amylase and protease in the different
media were calculated. The best were summarized in
Table 5.
From our discussions with suppliers of the wastes,
relative costs of starch in potato and pea pulp (with re-
spect to the cost of pure starch) and of proteins in pork
blood (with respect to the cost of peptone proteins) were
available. These relative costs were used along with the
medium compositions (Table 2) to determine the poten-
tial of unit cost savings with the use of alternative media
containing these wastes. The costs of production media
and other relevant numbers for these fermentations are
presented in Table 5.
It is clear from Table 5 that the successful substitu-
tion of starch and peptone by starchy wastes reduces me-
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Fig. 3. Time course of extracellular protease activity during the
B. caldolyticus cultivation on pork blood medium (3 %) in com-
parison with control
Table 4. Cell count, protease activity and and time elapsed since

















8. pork blood 0.5±0.1 3.6·109±4.4·108 24
9. whey 0.6±0.1 2.3·109±9.5·108 6








(3 %)+starch 0.9±0.3 1.4·10
9
±2.0·108 10



















a-amylase control 100 3.3 100 9.8 0.34
potato pulp 2.58 8.4 1.01 8 1.05
pea pulp 2.58 8.6 0.99 6 1.43
protease control 100 1.2 100 8.8 0.136
pork blood 15.3 0.5 36.7 24 0.02
pork blood
(3 %)+starch
46 0.9 61.5 10 0.09
dium costs (per volume unit) for a-amylase production
by more than 95 %. At the same time, a-amylase activity
also increased by 150 % over the value in control me-
dium. As a result, the relative cost of medium on the
basis of a-amylase activity could be reduced by 99 % by
the use of potato or pea pulp. At the same time, the pro-
ductivity of a-amylase increased fourfold.
For the production of proteases, the substitution of
starch and peptone by proteinous wastes was not very
successful as the maximum protease activity in the alter-
nate media was at best only 75 % of that in the control
medium. However, the wastes are significantly cheaper
(cost of pork blood only medium was 15 % that of the
control medium on volumetric basis). Even with the addi-
tion of hydrolyzed starch, the medium cost with pork
blood (3 %) was only 46 % of the cost of control medi-
um. Thus, there were attractive cost savings with the use
of alternative media due to the low cost of pork blood
in spite of the lower protease activities.
In a large number of industrial enzyme formulations,
the enzymes are not purified beyond some concentra-
tion and precipitation. As a result, the use of industrial
wastes as raw materials is not expected to change the
costs of handling, packaging, and storage. Thus, one may
expect the cost savings reported above to materialize.
Additional cost savings may be achieved by considering
a holistic concept of food production (27) by means of
developing facility designs that incorporate segregating
the waste streams at sources of production and upgrad-
ing those using processes such as fermentation.
Conclusions
Wastes from the food processing industry contain sev-
eral reusable substances. Low prices for these materials
coupled with high costs for classic substrates in culti-
vation media make a strong case for the use of wastes in
fermentations. In this work, we demonstrated that sev-
eral residues from the starch industry and other wastes
can be successfully used for the production of a-amy-
lase and proteases. Their use resulted in increasing pro-
ductivity of a-amylase while decreasing feed costs sub-
stantially. Even when the productivity enhancement was
absent as in case of proteases, the reductions in feed costs
make use of wastes in fermentation media attractive.
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